Background-Transposable Elements (TEs) have long been regarded as selfish or junk DNA having little or no role in the regulation or functioning of the human genome. However, over the past several years this view came to be challenged as several studies provided anecdotal as well as global evidence for the contribution of TEs to the regulatory and coding needs of human genes. In this study, we explored the incorporation and epigenetic regulation of coding sequences donated by TEs using gene expression and other ancillary genomics data from two human hematopoietic cell-lines: GM12878 (a lymphoblastoid cell line) and K562 (a Chronic Myelogenous Leukemia cell line). In each cell line, we found several thousand instances of TEs donating coding sequences to human genes. We compared the transcriptome assembly of the RNA sequencing (RNA-Seq) reads with and without the aid of a reference transcriptome and found that the percentage of genes that incorporate TEs in their coding sequences is significantly greater than that obtained from the reference transcriptome assemblies using Refseq and Gencode gene models. We also used histone modifications chromatin immunoprecipitation sequencing (ChIP-Seq) data, Cap Analysis of Gene Expression (CAGE) data and DNAseI Hypersensitivity Site (DHS) data to demonstrate the epigenetic regulation of the TE derived coding sequences. Our results suggest that TEs form a significantly higher percentage of coding sequences than represented in gene annotation databases and these TE derived sequences are epigenetically regulated in accordance with their expression in the two cell types.
Introduction
A substantial fraction of the eukaryotic genome is comprised of transposable elements (TEs). In the human genome, more than half of the euchromatic sequence can be attributed to TEs. Despite their profusion, TEs have historically been regarded as selfish genomic parasites or junk DNA that have little to no contribution in the functioning of the human genome [1, 2] . The aforementioned studies argued that TEs can maintain and proliferate in the host genome solely because of their ability to out-compete the host genome in terms of their replication ability, and are therefore not constrained to have a functional contribution necessary for selection. These studies shaped the paradigm for research in the field by discouraging the search for the functional relevance of TE sequences in the human genome.
Over the last several years, scientists discovered gene features such as promoters, UTR's and exons derived from TE insertions that regulate transcription [3, 4] . Exonization is a process whereby genes acquire new exons from non-protein-coding DNA sequences, often times TEs due to the presence of internal splice site-like structures within their sequences [5] . A classic example is the agouti locus in mice, where its expression results in a yellow coat color, obesity, diabetes, and tumor susceptibility [6] . The transcription of the agouti gene is influenced by a cryptic promoter originating from an intracisternal particle (IAP) element, a member of the LTR-Retrotransposon family, which generates a transcript that reads through the agouti gene. The number of transcripts originating from the IAP element depends on its methylation state where a de-methylated IAP element is capable of generating transcripts resulting in an increase in the expression of the agouti gene.
Indeed there are several instances where TEs have been implicated in functionally contributing to the human genome [7] . These contributions include TEs providing regulatory and coding sequences such as transcription factor binding sites, promoters, exons, and enhancers [8] [9] [10] [11] [12] . As is the case with the Agouti locus described above, TE derived gene features are often epigenetically regulated to cater to the functional needs of the cell type they are in. We have recently shown that TEs donate several hundred canonical promoters and transcription start sites to the human genome that are epigenetically modified in such a way as to facilitate cell type specific expression [13, 14] . Similarly, we have also demonstrated that TEs donate thousands of unique enhancers that are modified by epigenetic histone modifications and are functionally relevant in driving cell type specific gene expression [14, 15] .
These studied provided the motivation to explore the global contribution of TE derived gene features in various human cell types and their potential role in gene regulation. The availability of RNA-sequencing (RNA-Seq) and epigenetic data from various human cell lines in the Encyclopedia of DNA Elements (ENCODE) project provides an unprecedented survey of the landscape of transcription genome-wide and, in a limited way, catalogues transcripts initiated from repetitive elements in a cell line specific manner [16] . However, there is a paucity of information regarding epigenetic regulation of TE-derived transcripts.
To that end, we used the RNA-seq data as well as the epigenetic data provided by the ENCODE project in two human hematopoietic cell lines (GM12878 and K562)in order to ascertain the interplay between the exonization of TEs into coding sequences and epigenetic regulation of transcription on a genome-wide scale. GM12878 is a lymphoblastoid cell line derived from a female donor of northern and western European descent whereas K562 is a cancer cell line from a female patient suffering from Chronic Myelogenous Leukemia (CML). In each cell line, we found several thousand instances of TEs donating coding sequences to human genes and that TE exonization is significantly greater in the reference guided transcriptome assembly (Refseq [17] and Gencode [18] ) than an assembly without the aid of a reference transcriptome. In addition, integration of histone modifications chromatin immunoprecipitation sequencing (ChIP-Seq) data, cap analysis of gene expression (CAGE) data and DNAseI hypersensitivity site (DHS) data allowed us to postulate that TEs contribute a substantial fraction of human coding sequences that are epigenetically regulated in accordance with the gene expression in the two cell types.
Materials and Methods

Datasets
RNA-seq data from GM12878 and K562 cell lines generated by Caltech were downloaded from the University of California Santa Cruz (UCSC) genome browser's ENCODE downloads section and is also available in the NCBI GEO repository under accession #GSE23316. In each cell line, two replicate libraries of (75bpx2) paired-end reads were used for the analysis.
ChIP-seq data in GM12878 and K562 cell lines for four histone modifications (H3K4me3, H3K9ac, H3K27ac, H3K36me3) commonly found at transcription start sites and exons, were obtained as aligned tag files generated by the Broad institute and downloaded from the ENCODE section of the UCSC genome browser [19, 20] . The data is also available in the NCBI GEO repository under accession #GSE29611.
Open chromatin data generated by Duke University under the ENCODE project using DHS mapping were also obtained as 'Peaks' file from the UCSC genome browser and is also available in the NCBI GEO repository under accession #GSE32970.
CAGE data generated by the RIKEN group for ENCODE cell lines, were also obtained from the UCSC genome browser as "CAGE Clusters" of loci deemed significantly enriched for CAGE tags against a background tag distribution. The raw data is also available in the NCBI GEO repository under accession #GSE34448.
The aforementioned datasets were co-located with transposable element (TE) annotation using custom Perl scripts as described by Repeat Masker version 3.2.7. The criteria for delineating TE derived RNA-seq exons were taken as any overlap between an exon and a TE with respect to genomic coordinates. Similarly, all other datasets (Histone modifications, DHS, CAGE) were co-located using genomic overlap between the TE annotation and the respective tag/peak/cluster densities.
RNA-seq analysis
Raw paired-end sequence reads of length 75bpx2 with an insert size of 200bp were mapped individually to the reference human genome (hg19) using Bowtie (version 0.12.7) allowing at most 2 mismatches and multiple alignments for a read pair [21] . The TopHat (Cahnge oveer all in article) program was used with default parameters to ascertain splice junctions in the mapped reads [22] . Cufflinks (version 1.0.3) was used to assemble transcripts and estimate their abundance given a reference transcriptome specified by the Refseq and Gencode (version 7) gene models [18, 23, 24] . As shown in (Figure S1 ), we used Bowtie to map the RNA-Seq reads to the hg19 genome, and then used TopHat to detect splice junctions and Cufflinks to assemble the transcriptome using two different techniques in order to determine the extent of TEs incorporation. First we built the transcriptome using reference annotations from Refseq [17] and Gencode [18] to 'guide' the assembly of RNAseq reads. We also built the transcriptome without the aid of a reference gene model to yield a 'transcript-reference-free' characterization of RNA-seq reads. We co-located TEannotations with RNA-seq data resulting from each assembly process and discovered that the fraction of TE-derived transcripts and exons is several folds higher in non-reference guided assembly. We further evaluated these data for functional signatures such as epigenetic histone modifications present at promoters and exons, cap analysis of gene expression (CAGE) data which identifies transcript start sites (TSS), and DNAseI hypersensitive sites (DHSs) which locate actively transcribing regions as characterized by open chromatin.
Statistical analyses
A Student's t-test-was used to compare gene expression transcripts from the non-reference guided assembly between GM12878 and K562 cell lines. False discovery rate (FDR) adjusted p-values (q-values) were used to control for multiple testing and to determine significance at q-value<0. 05. Gene Ontology and functional enrichment of differentially expressed genes were performed using the DAVID Bioinformatics Resources v6. 7 [25, 26] . Pearson's correlation (r) was also used to ascertain the relationship between various trends. The significance of a trend was determined by approximating the sampling distribution of r to the Student's t-distribution using the formula:
1.
Results and Discussion
TE-derived human gene transcripts
We obtained RNA-seq data generated by Caltech for the ENCODE project in GM12878 and K562 cell lines. These data were processed using the Bowtie/TopHat/Cufflinks pipeline as described in the Materials and Methods section. The reads were first mapped to the reference human genome (hg19) using Bowtie and the TopHat program was used to map splice junctions [21, 22] . The third and final step in this pipeline is quantification by Cufflinks which assembles the transcripts and estimates their abundance [23, 24, 27] . Normalized transcript abundance is used as a measure of expression of the respective genes. The assembly and annotation of RNA-seq transcripts by Cufflinks can be aided by providing a reference transcriptome such as Refseq to assign the mapped reads and splice junctions to known transcripts. This process generally results in a higher number of transcripts discovered but is biased towards the transcripts that exist in the reference annotation. Cufflinks can also build the transcriptome without the use of reference annotation which can be used to detect a greater number of novel transcripts that do not exist in gene model databases.
We ran Cufflinks in three different ways: without the aid of a reference transcriptome, using Refseq as reference annotation, and using Gencode as reference. This process resulted in vastly different results as illustrated in Figure 1 and Figure 2 . In both cell lines, the use of a reference transcriptome during transcript assembly by Cufflinks resulted in the discovery of a considerably larger number of transcripts and exons. Transcriptome assembly using Refseq yielded the highest number of transcripts and exons, with (GM12878:1.87M and K562:1.92M) exons, and (GM12878:326K and K562:330K) transcripts. This was followed by a Gencode guided assembly which detected (GM12878:1.11M and K562:1.11M) exons and (GM12878:195K and K562:195K) transcripts in the two cell lines. On the other hand, non-reference guided assembly was able to discover only (GM12878:325K and K562:305K) exons and (GM12878:70K and K562:60K) transcripts in the two cell lines. Compared to non-reference guided assembly, these figures represent approximately 3X and 6X increase in the number of transcripts and exons discovered by Gencode and Refseq guided assembly, respectively ( Figure 3 and Table 1 ).
To ascertain the contribution of transposable elements to human gene coding sequences, we co-located the transcripts and exons from each of the three assemblies with TE annotation as provided by Repeat Masker [28] . The term exonization in the context of TEs is described as the process by which a TE sequence is adapted to serve as an exon by the host genome. A transcript or exon is considered 'TE-derived' if any part of its coding sequence overlaps with TE annotation. The fraction of TE-derived coding sequences varies widely between the three transcriptome assemblies. As such, the non-guided assembly yields the highest proportion of TE-derived genes compared to Gencode and Refseq guided assemblies ( Figure  3 ). These results indicate that TE-derived human gene coding sequences are vastly underrepresented in the reference transcriptome annotations.
Having recognized the substantial under-representation in the fraction of TE-derived exons, we sought to determine the number of these coding sequences that are common between the reference and non-reference guided assemblies. To that end, we found all transcripts or exons from different builds that have common start and end positions in the genome. In order to compensate for possible imprecision in the prediction of transcripts and exon coordinates, we allowed a 10bp wiggle room in the comparison of start and end sites of transcripts and exons from different transcriptome assemblies. We found that a very small number of TE-derived transcripts and exons are in fact common between the reference and non-reference guided assemblies (Figures 1 and 2) . Since the total number of transcripts and exons discovered by the non-reference guided assembly is considerably smaller than that of reference guided assembly, it follows that a proportionally small number of TE-derived exons are in fact represented in this dataset. In other words, the total number of TEs-derived exons detected by the non-reference guided assembly may only represent a small percentage of the actual number of TEs involved presumably in serving the coding needs of the human genome. As such, these results offer an unbiased estimate of the percentage of human coding sequences derived from TEs and indicate that the contribution in absolute terms may be significantly higher. Thus, these results reveal a significantly higher level of TE contribution to human exons than previously thought.
TE-derived first exons
We evaluated the contribution of TEs in donating various gene segments including TSS (transcription start site) and first exons and compared it to subsequent exons. We report here that TEs are significantly over-represented in donating TSS and first exons as opposed to later exons ( Figure 4 and Table 2 ). In the GM 12878 cell line (36, Table S1 ) mapped to 69 genes (Table  3) which are differentially expressed (q-value<0.05) between the GM12878 and K562 cell lines and have TEs inserted into the first exon of the genes. These genes primarily have molecular functions in the immunoglobulin receptor family class and enrich for the Gene Ontology immune response biological process (FDR<0.1). These data seem to support the model illustrated by the agouti gene in mouse where an IAP element (LTR Retrotransposon) residing upstream of the agouti locus generates a transcript that reads through the agouti gene [29] . In the process, the IAP element donates a transcription start site and is primed to serve as the first exon for the agouti gene. Our data suggest that this model is a common route through which TEs donate an alternative TSS and the first exon that can affect the transcription of nearby genes.
Age and relative contribution of TE families
All major families of TEs are represented in contributing transcripts in the two cell types studied. We evaluated the relative contribution of various TE families in donating coding sequences in the RNA-seq transcripts by normalizing the number of transcripts attributed to a TE family with the background genomic abundance of the family. Different families of TEs have significantly (χ 2 test p-value<0. 001) different contributions in providing coding sequences as illustrated in Figure 5 .
We determined the relative age of each TE family by using their average divergence (millidiv) from a consensus ancestral sequence. Using this approach, we classified the TE families in the following order according to age, from youngest to the oldest: Alu, L1, LTRRetrotransposons, DNA-transposons, L2 and MIR. We observed that the relative contribution of each TE family increases with increasing age of the family with the exception of Alu elements. Intuitively, older TE families have had a longer period of time for individual elements to be adopted by the genome and thus have relatively higher contribution compared to the younger families. Our observations are consistent with this phenomenon as older TE families are significantly more enriched in gene features. On the other hand, the youngest family of TEs i.e., Alu elements do not follow this paradigm and are highly enriched in donating coding sequences. It has previously been shown that Alu elements are enriched in gene rich regions which can be attributed to their overrepresentation in donating coding sequences [30] .
Epigenetic regulation of TE-derived genes
To strengthen the functional relevance of TE-derived exons, we evaluated the various epigenetic markers that are known to mark active exons. To that end, we downloaded histone modification data for four histone modifications (H3K4me3, H3K9ac, H3K27ac, and H3K36me3), DHS data as well as CAGE data. These four histone modifications have been shown to mark actively transcribing TSSs and exons [31] [32] [33] . Similarly, CAGE data is an established technique to determine the TSSs for actively transcribing genes [34] . Finally, DHSs are used to identify open chromatin and are shown to be correlated with activation of gene expression [35, 36] .
These data were mapped to the TE-derived exons using their genomic loci. We divided the TE-derived exons into 100 bins according to their expression in the two cell lines and plotted their average epigenetic modification against their expression (Figures 6 and 7) . In both cell lines, the expression of TE-derived exons is strongly positively correlated with the histone modifications, DHSs, and CAGE clusters. These epigenetic indicators of gene expression demonstrate the functional significance of TE-derived exons in presumably regulating gene expression in their respective cell types. Our data further suggests that transposable elements that donate coding sequences to human genes have been epigenetically modified in such a way as to facilitate their role in driving gene expression.
Conclusions
Our data suggests that TEs have a substantial contribution in donating coding sequences to human genes. The level of contribution is made apparent by transcriptome assembly without the aid of a reference transcriptome and far exceeds that provided by the reference transcriptome. TE-derived exons and transcripts are also epigenetically regulated in such a way as to potentially facilitate the establishment of cell type specific gene expression. Our results in no way discounts or diminishes the presumed importance of TEs in non-coding regions but we make an association between exonization of TEs and epigenetic regulation of transcription. Furthermore, our interpretation of the results mainly centered on the findings from the reference guided assembly of the transcripts sequence reads as we could leverage the gene model as annotation for associating with the epigenetic data. Thus, one can ascertain that there are potentially novel transcripts from the non-reference guided assembly that are presumably as important as the epigenetically regulated ones we detected. Further investigation into these potential transcript regulators is of interest and we are also considering computational ways to discern false positive and false negative detection of TE exonization using synthetic reads and/or spike-ins in the absence of the ground truth. Relative contribution of TE-families in donating coding sequence to human gene transcripts. Absolute counts normalized by genomic background abundance for each family. FPKM values for all TE-derived exons were sorted and binned in 100 equal sized bins and plotted against DHS clusters, CAGE clusters, and various histone modifications that mark promoters, TSS and exons in the GM12878 cell line. FPKM values for all TE-derived exons were sorted and binned in 100 equal sized bins and plotted against DHS clusters, CAGE clusters, and various histone modifications that mark promoters, TSS and exons in the K562 cell line. Percentage of TE-derived first exons as a fraction of all exons in GM12878 and K562 cell lines, refer to Figure 4 . 
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